Aims: This study compared serum metabolites of demented patients (Alzheimer's disease and vascular dementia) and controls, and explored serum metabolite profiles of nondemented individuals 5 years preceding the diagnosis. Methods: Cognitively healthy participants were followed up for 5-20 years. Cognitive assessment, serum sampling, and diagnosis were completed every 5 years. Multivariate analyses were conducted on the metabolite profiles generated by gas chromatography/time-of-flight mass spectrometry. Results: A significant group separation was found between demented patients and controls, and between incident cases and controls. Metabolites that contributed in both analyses were 3,4-dihydroxybutanoic acid, docosapentaenoic acid, and uric acid. Conclusions: Serum metabolite profiles are altered in demented patients, and detectable up to 5 years preceding the diagnosis. Blood sampling can make an important contribution to the early prediction of conversion to dementia.
Introduction
Alzheimer's disease (AD) is characterized by gradual progression of cognitive and behavioral changes. Much attention has been directed at identifying sensitive and specific biomarkers of the disease, with the hope that these will enable an earlier and more accurate diagnosis. There is abundant evidence that imaging [1] [2] [3] and cerebrospinal fluid (CSF) [4] [5] [6] markers are potent, and an influential model of dynamic biomarkers of the AD pathological cascade includes 4 imaging and CSF biomarkers [7] .
The potential contribution of additional biomarkers for the early diagnosis of AD, notably the ones that require less invasive sampling methods, is under evaluation. One candidate approach is blood sampling, which has been used to study plasma [8, 9] and determine serum metabolomic profiles in AD patients and in individuals progressing to AD [10] . A similar approach has been presented for saliva samples [11] , although comparisons of saliva and serum analyses indicated limitations in using saliva for biomarker discovery [12] .
The current prospective population-based study explored serum metabolite profiles, generated by gas chromatography/time-of-flight mass spectrometry (GC/TOFMS), of AD patients, patients with vascular dementia (VaD), and matched controls. Previous studies found some signs of metabolome alterations in individuals progressing to AD [10, 13] . We therefore explored the serum metabolite profile of individuals up to 5 years preceding the dementia diagnosis. Saliva samples were also available of the same participants at the same sampling occasion, which allowed further evaluation of the utility of saliva for biomarker discovery in dementia.
Materials and Methods

Study Overview and Participants
A total of 2,528 individuals in 3 samples (S1, S3 and S5) from the prospective, longitudinal Betula study [14] were initially enrolled in the study at its first (T1), second (T2) or fourth (T4) test wave, respectively ( fig. 1 a) . At baseline, the participants ranged in age between 35 and 85 years. By design, all participants were cognitively normal individuals who were randomly selected from the population registry and followed over time to investigate agerelated cognitive development over time and early signs of dementia. At baseline and subsequently at 5-year intervals, the participants took part in a health assessment, which also included the collection of biological samples. The sampling of serum was carried out at each test wave (T1-T5), taken at random over the day, in a nonfasting condition. The blood samples were kept at refrigerator temperature (+4 ° C) up to 1 day before centrifugation (2,800 rpm in 15 min) and thereafter aliquoted into 2-ml cryovials prior to long-time storage at -80 ° C. The saliva samples were only collected at test waves 4 and 5 in series of 4 to allow analysis of a 24-hour curve (07.00, 11.00, 16.00, 23.00). The participants spit into a new plastic tube at each time point. During and after the saliva sampling, which took place in the subjects' home, the saliva was kept at refrigerator temperature (+4 ° C) up to 1 day prior to being handed to the research staff. The samples were thereafter stored at -20 ° C. Within 1 week after the health assessment, a comprehensive neuropsychological battery was administered with several measures of episodic memory functioning (see below). The participants in the present metabolomic study were selected from the Betula study's forth test wave (T4) provided that both saliva and serum samples were available. The availability of saliva samples from participants with a manifest dementia disorder at T4 was limited, due to the fact that the collection of saliva required that the person himself/herself or with help could follow the procedure for sampling. Of the 1,842 individuals from the cohorts S1, S3 and S5 participating at T4, 12 participants met the criteria of being demented at T4 (9 AD; 3 VaD) and having both serum and saliva samples accessible. These individuals, along with age-, gender-and education-matched controls (n = 24), constituted study I. In study II, aimed at studying preclinical metabolomic biomarkers, the cases were defined as nondemented at T4 but with a progress towards dementia at T5. Study II comprised 31 cases (15 AD; 12 VaD; 4 other) and 62 age-, gender-and education-matched controls. Thus, the majority of the included patients had AD (56%) and an additional 35% was classified as having VaD. The remaining 4 patients (9%; all in study II) met the diagnostic criteria for other dementia subtypes, including dementia with Lewy bodies. The local ethics review board at Umeå University approved the study, and written informed consent was obtained from all participants. 31 Overview of the study design and patterns of episodic memory change. a The participants were included in the study at different test waves (T) and followed longitudinally. Serum and saliva samples were collected at T4 (yellow contour). The n values refer to T4. b Episodic memory performance (mean; 1 SD) for demented and control participants in study I. The demented patients were diagnosed at T4, when they performed at a significantly lower level than controls. c Episodic memory performance (mean; 1 SD) for incident demented and control participants in study II. The demented patients were diagnosed at T5, 5 years after serum and saliva collection. They performed at a significantly lower level than controls at the time for diagnosis but not at the time for collection of biological samples. Sample 1 participants entered the study at T1, sample 3 participants at T2, and sample 5 participants at T4, so n varies across time points. Yellow shading indicates the time point when serum and saliva samples were collected. * p < 0.05 according to t tests.
Dementia Diagnosis
During the relevant Betula study data collection period (1988-2010), repeated prospective and retrospective analyses of the dementia status were performed on all participants at baseline and every 5 years in order to identify diseased participants, ensure the accuracy of previously ascertained dementia diagnoses, and determine the year at which an individual fulfilled the core criteria for dementia, i.e. when cognitive symptoms became sufficiently severe to interfere with social functioning and instrumental activities of daily living [15] . AD and VaD were diagnosed using the DSM-IV criteria [16] . The more detailed NINCDS-ADRDA criteria for probable AD [15] and cognitive and neurological symptoms of vascular complications were also taken into account for the diagnosis of VaD [17] .
A research geropsychiatrist coordinated the diagnostic evaluation and was responsible for the final diagnoses throughout the study period. At test waves T1, T2, and T3, up to 4 additional geropsychiatrists participated in the evaluation process, thereby establishing a solid ground for a diagnostic consensus.
The observations made at the health and cognitive evaluations formed the basis for a decision on performing a more extended diagnostic evaluation. The following predetermined criteria were used as a crude guide for further evaluation: Mini-Mental State Examination score ≤ 23, a decline in cognitive performance compared to a previous test occasion (from high to average/low or from average to low), a decline in daily functional activities, a subjective loss of memory function expressed in the semi-structured interview, and any other deviations noticed by the testing team. The results obtained at clinical examinations, retrieved from medical records, were important collateral information and taken into account in the diagnostic decision process.
In 2011, an extensive quality assurance of the dementia diagnoses was performed in that the medical records of those with an established dementia diagnosis were blindly re-evaluated with regard to dementia status, subtype, and age at onset. A comparison between the previously diagnosed subtypes and the newly proposed ones was made, with the result that approximately 95% of the diagnoses were congruent with the previously given subtype diagnoses. In cases where the diagnoses were inconsistent, it was evident that the re-evaluated diagnoses were more reliable due to the longer time of follow-up. The diagnostic evaluation resulted in that 444 of a total of 4,069 individuals from all Betula cohorts (S1-S5) had developed a dementia disorder, with a clear preponderance of AD and VaD. Furthermore, the re-evaluation showed that only 19 (0.4%) of all 4,445 Betula participants were improperly included in the study (i.e. these 19 were already demented at the time for inclusion), which provides strong support for the diagnostic evaluation method used.
Episodic Memory Composite
The episodic memory measure was a composite of five test variables: (1) immediate free recall of 16 visually and verbally presented short sentences, (2) delayed cued recall of nouns from the previously presented sentences, (3) immediate free recall of 16 enacted sentences, (4) delayed cued recall of nouns from the enacted sentences, as well as (5) immediate free recall of a list of 12 verbally presented nouns. Two alternate sets of sentences and nouns were used in 1-4, and four sets were used in 5, across measurement occasions. A full description of procedures and tests has been given previously [14] . The episodic memory composite score can a priori range between 0 and 76, with a higher score indicating better cognitive function [18] . Analyses of the internal consistency of the composite revealed a good level (Cronbach's alpha = 0.83), and the test-retest reliability was estimated to be 0.79 (Pearson correlation) [19] .
Metabolite Extraction and GC/TOFMS Analysis of Serum and Saliva Samples
Metabolite extraction from the serum samples was essentially done as previously described [20] by adding a 900-μl methanol/water extraction mix [90: 10 v/v; including 11 isotopically labelled internal standards (7 ng/μl), L -proline- 13 C, succinic acid-13 C, salicylic acid-D6, Di-Na-α-ketoglutarate- 13 C, L -glutamic acid-13 C, putrescine-D4, myristic acid-13 C, D -glucose- 13 C, hexadecanoic acid-13 C, sucrose-13 C and cholesterol-D7] to 100 μl of serum. This was followed by rigorous agitation at 30 Hz for 2 min in a bead mill (MM 400; Retsch GmbH, Haan, Germany), storage on ice for 120 min and 10 min of centrifugation at 14,000 rpm at 4 ° C (Centrifuge 5417R; Eppendorf, Hamburg, Germany). Two hundred microliters of each supernatant were transferred to GC vials and evaporated until dry in a speedvac (miVac, Quattro concentrator; Barnstead Genevac, Ipswich, UK). Derivatization was done in two steps: (1) methoxyamination, by adding 30 μl methoxyamine in pyridine (15 μg/μl), 10 min of shaking and 60 min of heating at 70 ° C, was carried out for 16 h (at room temperature) and (2) trimethylsilylation, by adding 30 μl MSFTA (N-methyl-N-trimethylsilyl-trifluoroacetamide) + 1% TMCS (trimethylchlorosilane), was carried out for 1 h (at room temperature). In the end, 30 μl heptane, including methyl stearate (15 ng/μl), as an injection standard, was added.
Samples were then injected in a splitless mode by a CTC Combi Pal autosampler (CTC Analytics AG, Zwingen, Switzerland) into an Agilent 6890 gas chromatograph equipped with a 10 m × 0.18 mm (internal diameter) fused silica capillary column with a chemically bonded 0.18-μm DB 5-MS stationary phase (J&W Scientific, Folsom, Calif., USA). The column effluent was introduced into the ion source of a Pegasus III time-of-flight mass spectrometer, GC/ TOFMS (Leco Corp., St Joseph, Mich., USA). For the saliva samples, a similar procedure was used, with the difference that prior to the step of the methanol/water extraction, metabolites in the samples were concentrated by centrifuging 1,000 μl of each saliva sample at 14,000 rpm (4 ° C) for 10 min. Then 900 μl of the supernatant was freeze-dried and the pellet was solved in 1,000 μl of methanol/water (7: 3) including the same 11 internal standards.
Data Processing and Identification of Metabolites
The data extracted from GC/MS were processed using hierarchical multivariate curve resolution as previously described [21, 22] . Resolved metabolite profiles were identified by comparing retention indices and mass spectra with data in retention index and mass spectral libraries [23] , using NIST MS-Search v. 2.0.38 and an in-house mass spectral library database, the mass spectral library maintained by the Max Planck Institute in Golm (http://csbdb. mpimp-golm.mpg.de/csbdb/gmd/gmd.html), or the NIST98 mass spectral library. Retention index was calculated by relating retention time to an analytically characterized alkane series (C 10 -C 40 ). Normalization of the data was carried out according to Redestig et al. [24] .
Statistical Analysis of Data from Metabolomics
Acquired and processed GC/TOFMS data were subjected to multivariate analysis and modeling using the SIMCA-P 13.0.02 software (Umetrics, Umeå, Sweden). The data sets were mean-centered and scaled to unit variance before analyses using OPLS-DA to detect and statistically verify differences between predefined sample classes (demented vs. controls) based on the whole resolved GC/TOFMS metabolic profile following an iterative variable selection procedure using the OPLS-DA variable importance plot. Variable importance plot values >1 was retained for further modelling and a maximum of two iterations were allowed. Inspection of individual profiles was used to screen for potential differences between dementia subtypes (AD, VaD). Multivariate analysis and univariate analysis by means of ANOVA were performed using the Statistical Toolbox (version 8.3) for Matlab (MATLAB 8.2.0.701; The MathWorks Inc., Natick, Mass., 2013). Differences in memory performance were evaluated by means of independent-samples t tests (performed by SPSS).
Results
In the first set of analyses ( fig. 1 a; study I), a total of 12 individuals from S1 and S3 with a dementia diagnosis at the time of the 4th test wave were identified having both saliva and serum samples accessible (9 AD; 3 VaD). Two age-, sex-, cohort-and education-matched controls were identified for each patient. The 24 controls remained nondemented 5 years later at the 5th test wave. For the second set of analyses ( fig. 1 a; study II), 31 individuals were identified who were nondemented at the 4th test wave, but received a diagnosis by the time of the 5th wave (15 AD; 12 VaD; 4 other). Thus, the serum and saliva samples were collected up to 5 years preceding the diagnosis for these individuals. Two age-, sex-, cohort-and education-matched controls were selected for each incident case (n = 62). Table 1 shows participant characteristics for the groups in each study. Figure 1 b illustrates longitudinal memory change for demented patients and controls (study I). The yellow shading indicates the point in time when serum and saliva samples were collected. At baseline, 10-15 years preceding the diagnosis, the groups displayed comparable performance. A difference in performance began to emerge 5 years prior to the diagnosis (preclinical phase), and a marked difference was apparent at the time of the diagnosis. The corresponding data on memory change for incident cases with controls are shown in figure  1 c (study II) . At the preclinical phase, only a weak trend towards a group difference in performance was seen, whereas a marked group difference in memory performance was apparent at the time of diagnosis.
Serum metabolite profiles were compared between demented patients and controls (study I). The multivariate analysis yielded a significant model (Q2 = 0.46, p = 0.0001; 68 putative metabolites), which differed between demented patients and controls ( fig. 2 a) .
The corresponding analysis of differences between incident cases and controls (study II) also revealed a group separation ( fig. 2 b ). Although this model was not as strong as the one in study I, it was still significant according to the multivariate analysis (Q2 = 0.14, p = 0.003; 25 putative metabolites; 1 control was an outlier and was removed from the analysis).
To assess whether any metabolites contributed to the group separation in both study I and II, an ANOVA was conducted on all 208 putative metabolites to find metabolites that showed significant differences between demented/incident demented persons and controls (i.e. across both studies). Three metabolites were identified that contributed to the group separation in both studies: 3,4-dihydroxybutanoic acid, docosapentaenoic acid, and uric acid. They were upregulated for both diagnosed and incident demented cases relative to controls The genotyping of APOE was done for all participants in study I and for 77% of the participants in study II. The values are stated as mean ± 1 SD. MMSE = Mini-Mental State Examination.
( fig. 3 ) , with a larger percentage of difference between patients and controls (35-55%) than for incident cases (5-18%).
The multivariate analysis of saliva samples from study I did not result in a significant model (p > 0.1). Inspection of the chromatograms revealed pronounced variability in the GC/ TOFMS metabolic profiles. Therefore, 35 of 124 samples were selected (without considering group status) on the basis of showing reasonable analytic properties. In the selected samples, 135 peaks (putative metabolites) were detected, which then were quantified in the remaining 89 samples. This resulted in the exclusion of 13 samples, which markedly deviated from the rest. Thereafter, a new model was estimated on the basis of the more restricted set of samples and peaks. The result provided some evidence for a group separation, but more detailed analyses of metabolites that contributed to this model revealed that none of the identified metabolites were significantly different between groups according to ANOVAs (all p values >0.1). The study II analysis of saliva samples from incident cases and controls did not result in a significant model either.
Discussion
In this study, multivariate analyses of serum and saliva metabolite profiles of demented patients and incident patients relative to controls were conducted in a sample of individuals who were nondemented and cognitively normal at baseline. Our data show that the serum metabolite profiles of demented patients differ from those of controls. In addition, differences were seen for serum samples collected at the preclinical stage, up to 5 years preceding dementia. This was found despite the fact that the memory performance of the incident cases and controls was comparable at the preclinical phase. Cognitive decline has been observed several years prior to dementia [25, 26] , although the consistency of this effect varies across tasks and studies. Here, the participants in study II were apparently in an early stage, with no evidence of subtle cognitive change [27] , but still serum metabolomics alterations were detectable.
Prior studies have demonstrated that CSF markers can inform predictions of dementia development [5, 28] . For serum and saliva, the evidence from previous studies is less conclusive. Zheng et al. [11] found that cognitively healthy older adults could be distinguished from older adults with mild cognitive impairment on the basis of analyses of metabolites identified from saliva samples. Orešič et al. [10] found support that serum metabolite profiles predicted progression to AD. Tsuruoka et al. [12] compared the metabolite profiles among various dementia groups and healthy controls and found no clear group separation for saliva samples but did find significant differences for serum samples. Several factors may affect the usefulness of saliva samples, including those related to contamination, collection procedure, and subsequent storage of samples. The present findings converge with those of Tsuruoka et al. [12] by suggesting that serum is more suitable than saliva for biomarker discovery in dementia.
We found that three serum metabolites (3,4-dihydroxybutanoic acid, docosapentaenoic acid, uric acid) jointly contributed to the separation between demented patients and controls and to the prediction of conversion to dementia. Dihydroxybutanoic acid has previously been identified as the major contributor to a model predicting progression to AD from mild cognitive impairment based on serum metabolomic profiles [10] . In that study, 2,4-dihydroxybutanoic acid was upregulated in dementia progressors, similar to what was observed here, which may be indicative of a role of hypoxia in the early dementia pathogenesis. Docosapentaenoic acid was upregulated in a previous study of mild cognitive impairment [29] and also at the presymptomatic stage in a lipidomic analysis of brain tissues and plasma from a mouse model of AD [30] , which converges with the present observations. Uric acid has previously been examined in relation to memory and dementia with mixed findings [31, 32] . Consistent with the present observations, high circulating uric acid levels were associated with dementia in a population-based study [33] , with low cognitive performance [34] , and with increased risk of cognitive decline among older adults [35] . Thus, our observations of upregulation of metabolites for demented patients and incident cases confirm and extend previous findings. The majority of the demented patients were diagnosed with AD, but there was also a sizable proportion of VaD (25% in study I, 39% in study II). We found no evidence for differentiation between AD and VaD in the plots from the multivariate analyses ( fig. 2 ). This finding is in line with demonstrations of marked similarities in CSF biomarker profiles between AD and VaD dementia subgroups [36] . Thus, the results indicate that the observed changes in serum metabolites hold for both AD and VaD. However, a main limitation in this context is the low number of cases, which not only impacted the possibility to compare different dementia subgroups but also generally reduced the statistical power, in particular in study I. The number of included cases was restricted by the inclusion criterion of having both serum and saliva samples accessible. Future studies of this cohort may, in view of the present results, focus on the serum samples only, thereby increasing the number of available patients and in turn the power to detect additional metabolites that contribute to a separation between demented patients and controls.
In conclusion, the positive findings from the present serum metabolomics analyses, together with other recent findings [37] , indicate that the minimally invasive method of blood sampling can make an important contribution to the early prediction of conversion to dementia.
